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MOTIVATION

Axigluon [Frampton, Glashow (1987); Bagger, Schmidt, King (1988)]

Topcolor [Hill (1991); Hill, Parke (1994); Popovic, Simmons (1998)]

Models with Colored Technifermion [Chivukula et al. in *Barklow, T.L. (ed.) et al.*]

Coloron [Chivukula et al. (1996); Simmons (1997); Martynov, Smirnov (2009)]

KK Gluon [Davoudiasl, Hewett, Rizzo (2001)]
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Top Quark Forward-Backward Asymmetry  [Ferrario, Rodrigo (2009); 
Frampton, Shu, Wang (2010)]



IN PART I..

5



IN PART I..

Colored massive spin-one gauge bosons

5



IN PART I..

Colored massive spin-one gauge bosons

Generically called coloron (applies directly to Axigluon, Topcolor, 
Coloron; approximately to Technicolor, KK Gluon)

5



IN PART I..

Colored massive spin-one gauge bosons

Generically called coloron (applies directly to Axigluon, Topcolor, 
Coloron; approximately to Technicolor, KK Gluon)

Lower mass bound > 2-3 TeV (➙ narrow width approximation)

5



IN PART I..

Colored massive spin-one gauge bosons

Generically called coloron (applies directly to Axigluon, Topcolor, 
Coloron; approximately to Technicolor, KK Gluon)

Lower mass bound > 2-3 TeV (➙ narrow width approximation)

Complete NLO (real & virtual) calculation of the production cross 
section, factorization-scale dependence, and pT-distribution

5



IN PART I..

Colored massive spin-one gauge bosons

Generically called coloron (applies directly to Axigluon, Topcolor, 
Coloron; approximately to Technicolor, KK Gluon)

Lower mass bound > 2-3 TeV (➙ narrow width approximation)

Complete NLO (real & virtual) calculation of the production cross 
section, factorization-scale dependence, and pT-distribution

Quark-antiquark annihilation & gluon-fusion channels
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☛ 8 massless gluons
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FORMALISM: 
QUARK COUPLINGS
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General chiral coupling of matter to the gauge bosons:

Lquark = q̄ii
⇥
/@ � igs /G

a
ta � i /C

a
ta (gLPL + gRPR)

⇤
qi

PL,R ⌘ 1⌥ �5
2

helicity projection operators:

Depending on how quarks transform under the 

original gauge group, choose: e.g. in Axigluon 
models θc = π/4

gL, gR 2 {�gs tan ✓c, gs cot ✓c}
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COLORON PRODUCTION: 
TREE-LEVEL

Quark-antiquark annihilation

No gluon-fusion at tree-level!! 
[Chivukula, Grant, Simmons 
(2001)]

General quark couplings

9

qq̄Ca
µ = i�µ (gLPL + gRPR) t

a
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CURIOUS SUBTLETY..

QED Ward identity: @µjµ = 0

☛ Cancellation of the UV divergence among vertex 
corrections and quark self-energy

Non-Abelian gauge theory: Dµjaµ = 0

☛ No such cancellation!!
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Need a 
consistent way 

of isolating 
UV from IR!!



�µ⌫⇢
F (k, p, p̄) =� 2gµ⌫(p+ p̄)⇢ + 2g⇢µ(p+ p̄)⌫ + g⌫⇢(p� p̄� 2k)µ ,

�µ⌫⇢
P (k, p, p̄) = gµ⌫(p̄+ k)⇢ + g⇢µ(k � p)⌫

�µ⌫⇢(k, p, p̄) = �µ⌫⇢
F (k, p, p̄) + �µ⌫⇢

P (k, p, p̄)

REMEDY: USE
PINCH TECHNIQUE
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“Pinched”: 
Looks like a 

propagator; reassign 
to the VPA!!

“Unpinched”: 
Satisfies QED-like 
Ward identity!!

�µ⌫⇢(k, p, p̄) = gµ⌫(�2p� p̄+ k)⇢ + g⌫⇢(p� p̄� 2k)µ + g⇢µ(k + p+ 2p̄)⌫
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REAL EMISSION CONTRIBUTIONS

“Imperfect” detector with finite spatial and energy resolution 
➙ no detection of “very low energy” (soft) and “very close 
together” (collinear) real particles

Consists of real gluon and real (anti)quark emission

Both of the soft and collinear effects result in IR singularities 
in the cross section (same order in perturbation theory as the 
quark-antiquark virtual corrections)

These IR singularities must cancel against those in the virtual 
corrections!!

15



REAL EMISSION 
DIAGRAMS

16



REAL EMISSION 
DIAGRAMS

16

IR
-D

IV
ERGENT!!



NLO PRODUCTION 
CROSS SECTION

17

� =

Z
dx1

Z
dx2

(
X

q

"
f

0
q (x1)f

0
q̄ (x2) + f

0
q̄ (x1)f

0
q (x2)

#⇣
�̂

(0)
qq̄!C + �̂

(1)
qq̄!C + �̂

(1)
qq̄!gC

⌘

+
X

q

"
f

0
q (x1)f

0
g (x2) + f

0
g (x1)f

0
q (x2) + f

0
q̄ (x1)f

0
g (x2) + f

0
g (x1)f

0
q̄ (x2)

#
�̂

(1)
qg!qC + f

0
g (x1)f

0
g (x2) �̂

(1)
gg!C

)



NLO PRODUCTION 
CROSS SECTION

17

Full hadron collider NLO production cross section:

� =

Z
dx1

Z
dx2

(
X

q

"
f

0
q (x1)f

0
q̄ (x2) + f

0
q̄ (x1)f

0
q (x2)

#⇣
�̂

(0)
qq̄!C + �̂

(1)
qq̄!C + �̂

(1)
qq̄!gC

⌘

+
X

q

"
f

0
q (x1)f

0
g (x2) + f

0
g (x1)f

0
q (x2) + f

0
q̄ (x1)f

0
g (x2) + f

0
g (x1)f

0
q̄ (x2)

#
�̂

(1)
qg!qC + f

0
g (x1)f

0
g (x2) �̂

(1)
gg!C

)



NLO PRODUCTION 
CROSS SECTION

17

Full hadron collider NLO production cross section:

� =

Z
dx1

Z
dx2

(
X

q

"
f

0
q (x1)f

0
q̄ (x2) + f

0
q̄ (x1)f

0
q (x2)

#⇣
�̂

(0)
qq̄!C + �̂

(1)
qq̄!C + �̂

(1)
qq̄!gC

⌘

+
X

q

"
f

0
q (x1)f

0
g (x2) + f

0
g (x1)f

0
q (x2) + f

0
q̄ (x1)f

0
g (x2) + f

0
g (x1)f

0
q̄ (x2)

#
�̂

(1)
qg!qC + f

0
g (x1)f

0
g (x2) �̂

(1)
gg!C

)

“bare” PDFs



NLO PRODUCTION 
CROSS SECTION

17

Full hadron collider NLO production cross section:

� =

Z
dx1

Z
dx2

(
X

q

"
f

0
q (x1)f

0
q̄ (x2) + f

0
q̄ (x1)f

0
q (x2)

#⇣
�̂

(0)
qq̄!C + �̂

(1)
qq̄!C + �̂

(1)
qq̄!gC

⌘

+
X

q

"
f

0
q (x1)f

0
g (x2) + f

0
g (x1)f

0
q (x2) + f

0
q̄ (x1)f

0
g (x2) + f

0
g (x1)f

0
q̄ (x2)

#
�̂

(1)
qg!qC + f

0
g (x1)f

0
g (x2) �̂

(1)
gg!C

)

“bare” PDFs



NLO PRODUCTION 
CROSS SECTION

By construction UV finite

17

Full hadron collider NLO production cross section:

� =

Z
dx1

Z
dx2

(
X

q

"
f

0
q (x1)f

0
q̄ (x2) + f

0
q̄ (x1)f

0
q (x2)

#⇣
�̂

(0)
qq̄!C + �̂

(1)
qq̄!C + �̂

(1)
qq̄!gC

⌘

+
X

q

"
f

0
q (x1)f

0
g (x2) + f

0
g (x1)f

0
q (x2) + f

0
q̄ (x1)f

0
g (x2) + f

0
g (x1)f

0
q̄ (x2)

#
�̂

(1)
qg!qC + f

0
g (x1)f

0
g (x2) �̂

(1)
gg!C

)

“bare” PDFs



NLO PRODUCTION 
CROSS SECTION

By construction UV finite
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collinear singularities, proportional to Altarelli-Parisi evolutions!!
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CROSS SECTION

By construction UV finite

All the IR cancel between the virtual and real corrections, except for some 
collinear singularities, proportional to Altarelli-Parisi evolutions!!

Such singularities arise because we integrated over all collinear quarks and 
gluons, even those which we should have included in the PDFs!!

Absorb them in “bare” PDFs ➙ PDF renormalization
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four terms with two gauge bosons of an unbroken symmetry 
and a vector field charged under the same symmetry)

Partonic cross section suppressed with respect to the NLO 
quark-antiquark / quark-gluon channels in perturbation 
theory

BUT, at LHC there are many many more gluons!! ➙ Might 
compensate for the suppression?!

22



1PI

1PI 1PI

1PI

1PI 1PI
→ →

→
p p̄

r
a, ⌫

m,↵ n,�

GLUON-FUSION: 
BOSONIC DIAGRAMS

23



1PI

1PI 1PI

1PI

1PI 1PI
→ →

→
p p̄

r
a, ⌫

m,↵ n,�

GLUON-FUSION: 
BOSONIC DIAGRAMS

23

UV- A
ND IR

-FIN
IT

E!! (
no counterterms availa

ble)



+

+=
(pinch technique)

=
(pinch technique)

+

+=
(pinch technique)

=
(pinch technique)

TO SHOW THIS, AGAIN 
USE PINCH TECHNIQUE

24



+

+=
(pinch technique)

=
(pinch technique)

+

+=
(pinch technique)

=
(pinch technique)

TO SHOW THIS, AGAIN 
USE PINCH TECHNIQUE

24

Gauge 
invariant!!



+

+=
(pinch technique)

=
(pinch technique)

+

+=
(pinch technique)

=
(pinch technique)

TO SHOW THIS, AGAIN 
USE PINCH TECHNIQUE

24

Gauge 
invariant!!



+

+=
(pinch technique)

=
(pinch technique)

+

+=
(pinch technique)

=
(pinch technique)

TO SHOW THIS, AGAIN 
USE PINCH TECHNIQUE

24

Gauge 
invariant!!

UV 
cancellation 
by QED-like 

WI!!



GLUON-FUSION: 
FERMIONIC DIAGRAMS

25

qq̄Ca
µ = i�µ (gLPL + gRPR) t

a



GLUON-FUSION: 
FERMIONIC DIAGRAMS

25

ANOMALY!!
qq̄Ca

µ = i�µ (gLPL + gRPR) t
a



GLUON-FUSION: 
FERMIONIC DIAGRAMS

25

ANOMALY!!
qq̄Ca

µ = i�µ (gLPL + gRPR) t
a

QQ̄Ca
µ = i�µ (gRPL + gLPR) t

aheavy spectator fermions:



GLUON-FUSION: 
FERMIONIC DIAGRAMS

25

ANOMALY!!
qq̄Ca

µ = i�µ (gLPL + gRPR) t
a

QQ̄Ca
µ = i�µ (gRPL + gLPR) t

aheavy spectator fermions:

UV- A
ND IR

-FIN
IT

E!! (
no counterterms availa

ble)



COLORON PRODUCTION VIA 
GLUON-FUSION, RECAP

26



COLORON PRODUCTION VIA 
GLUON-FUSION, RECAP

Coloron production via gluon-fusion is (IR- and UV-) FINITE!!

26



COLORON PRODUCTION VIA 
GLUON-FUSION, RECAP

Coloron production via gluon-fusion is (IR- and UV-) FINITE!!

(Potential) anomaly cancellation requires additional (heavy) 
spectator fermions

26



COLORON PRODUCTION VIA 
GLUON-FUSION, RECAP

Coloron production via gluon-fusion is (IR- and UV-) FINITE!!

(Potential) anomaly cancellation requires additional (heavy) 
spectator fermions

The production amplitude contains color anti-symmetric (∝fabc) 
and color symmetric (∝dabc) pieces. The latter’s cross section 
vanishes by Yang’s theorem

26



COLORON PRODUCTION VIA 
GLUON-FUSION, RECAP

Coloron production via gluon-fusion is (IR- and UV-) FINITE!!

(Potential) anomaly cancellation requires additional (heavy) 
spectator fermions

The production amplitude contains color anti-symmetric (∝fabc) 
and color symmetric (∝dabc) pieces. The latter’s cross section 
vanishes by Yang’s theorem

Gluon-fusion to axigluon (θc = π/4) vanishes identically to all 
orders in perturbation theory, due to parity symmetry exchanging 
SU(3)1c and SU(3)2c, under which the gluon is even and the coloron 
is odd.
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➙ Constrain the scalar sector!!
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Because of λm the CP-even scalar definitions (h0 & s0) do not 

coincide in the gauge and mass eigenstate bases!!
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{vs,ms, sin�,mA,mGH
,MC ,MQ}

The model’s (formal) free parameters may be conveniently 
taken to be

｛ Exclusion 
plots!!

Constrain the 2D plane ms - sin𝜒 for various benchmark 
values of the remaining parameters
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In SM, WL+ WL- → WL+ WL- scattering is unitarized by the Higgs boson (h0)

W+
L W+

L

W�
L W�

L

Here, this role is divided between the CP-even scalars 
h (∝cos𝜒) and s (∝sin𝜒)          ➙        cos2𝜒 + sin2𝜒 = 1

The same 
cancellation as in 

SM follows!!
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Both CP-even scalars h (∝cos𝜒) and s (∝sin𝜒) capable of 
interacting with EW gauge bosons ➙ Utilize the oblique 
parameters, S and T

Expressions for arbitrary number of EW singlets and doublets 
[Grimus, Lavoura, Ogreid, Osland (2008)] ➙ Depend only on 
ms and sin𝜒

Compare to the post-Higgs discovery bounds [Baak et al. 
(2012)]

S = 0.03±0.10, T = 0.05±0.12 (S-T correlation coeff. 0.89)
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New 125 GeV scalar state is identified with the CP-even scalar h (= 
cos𝜒 h0 + sin𝜒 s0) ➙ Its coupling to SM particles ∝cos𝜒

Presence of the colored scalars and vectors and of the possible 
spectator fermions can dramatically affect its gluon fusion cross 
section [Kumar, Vega-Morales, Yu (2012)]

For a light pseudo-scalar, the decay channel h→AA is open, 
affecting the branching ratio

Mass range mGH ∈ [50, 125] GeV is ruled out by Tevatron               
➙ No h→GHaGHa decay!!
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cg = cos� ĉSMg � sin� �cg, c� = cos� ĉSM� � sin� �c�
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spectator 
model-

dependence!!
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No ms-
dependence

mGH, MC, MQ 
decouple for 
≳ 125 GeV
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(mild dependence)
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Constraining the scalar sector of the renormalizable coloron model by formal 
and experimental analyses

Dependence on MC and MQ negligible for ≳ 125 GeV

Stability of the potential implies ms > mA/3 and mGH2 > 2mA2/3

Unitarity of scalars scattering cross sections at high energies implies ms/vs ≤ 1.5

Constraints from precision electroweak tests generally restrict |sin𝜒| to be less 
than 0.2, with this restriction becoming (logarithmically) stronger as ms 
increases 

Collider bounds are model-dependent, due to the spectator fermion content
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